The helix, turn, and β-strand motifs of biopolymer folded structures have been found to prevail also in non-natural backbones. In contrast, foldamers with aryl rings in their main chains possess distinct conformations that may give access to folded objects beyond the reach of peptidic and nucleotidic backbones. In search of such original architectures, we have explored the effect of bending aromatic amide β-sheets using building blocks that impart curvature. Cyclic and multiturn noncyclic sequences were synthesized, and their structures were characterized in solution and in the solid state. Stable bentsheet conformations were shown to prevail in chlorinated solvents. In these structures, folding overcomes intramolecular electrostatic repulsions and forces local dipoles in each layer of the stacked strands to align in a parallel fashion. Sequences having helical segments flanking a central bent aromatic β-sheet were then synthesized and shown to form well-defined helix−turn−helix architectures in which helical and sheet subcomponents conserve their respective integrity. These objects have a unique basket shape; they possess a cavity the depth and width of which reflects the curvature of the β-sheet segment. They can be compared to previously described helical closed-shell receptors in which a window has been open, thus providing a means to control guest binding and release pathways and kinetics. As a proof of concept, guest binding to one of the helix−sheet−helix structures is indeed found to be fast on the NMR time scale while it is generally slow in the case of helical capsules.
■ INTRODUCTION
The structures of biopolymers demonstrate the efficiency of folding as an approach to construct atomically precise arrays of chemical groups in space. Folding may counterbalance local repulsions and enforce the proximity of desired functionalities even in disfavored relative orientations. As exemplified by the catalytic properties of enzymes' active sites, unique functions may arise from folding-based conformational control. In the last two decades, this knowledge has been the source of inspiration for chemists to design a wide range of artificial folded architectures termed foldamers.
1 Chemically diverse foldamer backbones have been reported, but, quite remarkably, their structures were found to be less diverse, with an overwhelming prevalence of the helix, turn, and linear-strand secondary motifs common in biopolymers. In this context, foldamers that have aromatic groups in their main chain bear special interest in that they may give access to unusual folded patterns, some of which are beyond the reach of biopolymers. Prominent examples include pillars, 2 knots and interlocked macrocycles, 3 spiral-like objects, 4 and herringbone helices. 5 A remarkable architecture is that of a helix whose diameter may increase and decrease along the sequence ( Figure 1E ), thus creating a cavity within a secondary folded motif in which outstanding molecularrecognition properties have been evidenced. 6 Just like peptidic and nucleotidic structures and functions differ because the backbones of peptides and nucleotides are chemically distinct, it may be envisaged that the chemically distinct backbones of aromatic foldamers give access to structures and functions different from those of peptides and nucleotides.
In the context of our investigations on aromatic oligoamide foldamers, we have characterized multistranded aromatic β-sheets. 7, 8 Examples of artificial sheets in the foldamer literature are rare in comparison to helices. Unlike helices that fulfill their potential for noncovalent interactions intramolecularly, sheets may also engage in intermolecular interactions and form large aggregates that are prone to precipitation, e.g., amyloid fibrils, and thus complicate structural investigations. Hence, β-sheet models based on hydrogen bonds are often designed to be monomeric 9 or dimeric. 10 Our aromatic multiturn β-sheets involved a balanced set of noncovalent interactions strong enough to operate intramolecularly to promote folding and yet weak enough to prevent aggregation. This first generation of aromatic β-sheets was composed of stacks of linear aryl−amide segments connected by dinitrophenyl turns ( Figure 1A ). The nitro groups hydrogen bond to neighbor aryl−amines, while the methyl groups of two adjacent xylyl rings set their orientation parallel to each other in planes roughly perpendicular to the plane of the dinitrophenyl ring. Aryl moieties attached to the xylyl rings then stack in a face-to-face arrangement that, in principle, may be antiparallel or parallel ( Figure 1A ). We found that antiparallel organization was favored ( Figure 1B) as, for example, in macrocycle 1 (Chart 1). This preference results from the effect of local dipoles and is generally observed upon stacking polar aromatic rings in the solid state or in aggregates.
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In the following, we present a study of the effect of bending on the conformation of these aromatic β-sheets. We find that introducing curvature effectively enforces the formation of stacks of aryl rings in which local dipoles are parallel despite the repulsions associated with this arrangement ( Figure 1C ). In such bent structures, an antiparallel orientation would give rise to misfolding with reduced π−π overlap. Parallel orientations are favored as they maximize π−π overlap. This relationship between bending and polarity, a notion common in the field of liquid crystals, 12 is significant because parallel dipole arrangements are a much-sought-after property in materials, for example, in the context of their nonlinear optical responses. 13 Furthermore, we demonstrate that bent aromatic β-sheets can be combined with aromatic helices. Aromatic helix−sheet−helix folded structures were generated that, to the best of our knowledge, constitute the first examples of aromatic foldamers composed of more than one kind of secondary motif and, significantly, possess an unprecedented architecture. Indeed, the introduction of aromatic β-sheets within the wall of a helical capsule (part D vs E of Figure 1 ) amounts to creating a basketlike object having a window of defined size and provides a means to fine-tune guest binding and release pathways and kinetics to and from the basket cavity. We bring proof of concept of this design feature by showing that an α-hydroxy acid guest exchanges rapidly on the NMR time scale from these open receptors whereas exchange was found to be slow in closed-shell helical receptors. Thus, the helix−turn−helix structures further demonstrate the ability of aromatic backbones to adopt shapes beyond the reach of peptides, nucleotides, and related backbones.
■ RESULTS AND DISCUSSION
Bent β-sheet Architectures. The induction of curvature within aromatic β-sheets was made possible by connecting dinitro−di(xylylamino)−phenyl turns using aromatics with substituents at an angle different from 180°. For this purpose, we used pyrido[3,2-g]quinolinedicarboxylic acids, which we refer to as 1, 8-diaza-2,7-anthracenedicarboxylic acids. 11d,14 Prior to preparing multistranded turns, we tested the validity of our design in a one-step macrocyclization reaction. A diazaanthracene diacid was coupled to a diamine-functionalized turn using PyBOP (benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate) as an activating agent to produce macrocycle 2 in an unoptimized 24% yield.
A crystal structure of 2 demonstrated the expected parallel arrangement of the stacked diaza-anthracenes (Figure 2A 
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Article illustrates the reduced aromatic π−π overlap and a large distance between amine and acid functions that presumably precludes cyclization in this conformation ( Figure 2C ). In solution, the sharp 1 H NMR spectrum of 2 ( Figure 3A ) was fully assigned using multidimensional experiments 15 (see Supporting Information). H int protons as defined in Chart 1 are shielded down to 4.76 ppm, reflecting strong ring-current effects by the xylyl rings above and below. CH 2 protons of isobutoxy chains, H 3 and H 5 protons of xylyl groups (at 8.38 and 6.69 ppm), and even the protons of the two xylyl CH 3 groups are all anisochronous, indicating slow dynamics of the structure. The anisochronicity of the xylyl CH 3 protons, despite a small chemical shift difference (Δδ = 0.02 ppm at 300 MHz), implies that exchange by rotation of the xylyl units is slower than 7.71 Hz. No exchange could be observed in rotating frame nuclear Overhauser effect spectroscopy (ROESY) spectra. Furthermore, no change of the spectrum was observed from −50°C (in CDCl 3 ) to +80°C (in C 2 D 2 Cl 4 , Figure S1 ). These results overall support the formation of a single conformer with remarkably slow dynamics. By comparison, slow exchange between the H 3 and H 5 xylyl protons of macrocycle 1 was only observed upon cooling. 7 We then proceeded with the synthesis of tristranded sheet 3 and tetrastranded sheet 4 (Scheme S2). A key step was the desymmetrization of the diamine-functionalized turn using 1 equivalent of a diaza-anthracene monoacid monoester. A crystal structure of 4 ( Figure 2D −F) confirmed the features revealed by the bent-sheet structure of macrocycle 2. The noncyclic nature of 4 offers additional conformational degrees of freedom, and offsetting between aryl rings and tilting of turn units away from 90°are more pronounced than in the structure of 1.
Nevertheless, the structure does consist of a stack of four diaza-anthracene rings with all their local dipoles parallel.
In solution the NMR spectra of 3 and 4 were both fully assigned using multidimensional experiments 15 (see Supporting Information). The results corroborated the solid-state structure of 4. Evidence for folding in multistranded bent-sheet conformations came for nuclear Overhauser effect (NOE) correlations between the different 9-methylanthracene protons, both in 3 and 4 ( Figure S4 ): proximity between these methyl groups is only allowed in the parallel arrangement of the diazaanthracene units. NMR also indicates faster dynamics in the noncyclic structures than in 2 and that sheet stability increases upon increasing strand length, suggesting a certain degree of cooperativity. For instance, H 3 and H 5 protons of each xylyl group of 3 exchange rapidly on the NMR time scale at 50°C and the signals are coalesced at 10°C ( Figure S2 ), whereas slow exchange is observed for 4 at 10°C ( Figure 3C ). The spectra of 4 (but not the spectra of 3) display anisochronicity of the CH 2 protons of isobutoxy chains and of the protons of the xylyl CH 3 groups. Nevertheless, dynamics in 4 are faster than in macrocycle 2: exchange is fast on the NMR time scale at 80°C 
Article ( Figure 3D ) and correlations can be observed in ROESY maps in the slow-exchange regime at lower temperatures.
Helix−Sheet−Helix Architectures. The well-behaved folding of aromatic bent β-sheets was further explored in combination with helically folded segments within longer sequences. We surmised that an aromatic helix connected at the end of a bent sheet would simply stack on top of it without any detrimental interference, and we decided to test this prediction using helical segments, the diameter of which varies along the sequence. These variable-diameter segments are key components of aromatic foldamer-based helical capsules that recognize guest molecules in their cavity with high selectivity and affinity.
6b,c A capsule shape with its characteristic reduced diameter at both ends is schematized in Figure 1D . An interesting aspect of these molecular containers is that they completely isolate their guest from the solvent. For a guest to come in and out, the helix has to partially unfold, a given unit generally playing the role of a hinge to temporarily open a passage. 16 As a consequence, binding and release kinetics are all the more slow when the guest is large, e.g., slow exchange on the NMR time scale is reached below −55°C for a water molecule guest 17 and persists above 50°C for a monosaccharide. 6b The introduction of a bent sheet between two variablediameter helix segments thus amounts to permanently opening a sort of window in a capsule wall. As shown below, the size of the window may be tuned according to the curvature imparted by the bent aromatic β-sheet. This provides a means to enhance and fine-tune guest and binding release kinetics.
Foldamers 5−8 (Chart 2) were prepared as described in the Supporting Information. They all contain one (8) or two (5− 7) helical oligoamide segments composed of two 7-amino-1,8-naphthyridine-2-carboxylic acid, one 2,6-diamino-pyridine, and three 8-amino-2-quinolinecarboxylic acid at the more curved end, as well as one (8) or two (5−7) turn units. The connections between the turn units vary. In 5, the connecting element is itself a 1,8-diaza-2,7-anthracenedicarboxylic acid. The central sheet of 5 is thus identical to compound 3. In 6, the central pyridine−pyridazine−pyridine motif is slightly longer than a diaza-anthracene, but it imparts a higher curvature because the angle between the two carboxylic acid functions is reduced.
16a, 18 The urea function of 7 is a very short linkage imparting low curvaturetwo distinct conformers may be expected depending on whether the urea aligns itself one way or the other with respect to the anthracenes above and below.
Crystal structures of 6a and 7 as well as an energy-minimized molecular model of 5 confirmed the formation of the anticipated folding ( Figure 4A−O) . In all structures, a central sheet segment is flanked by two helices, giving rise to basketlike objects, the openings of which depend on the degree of curvature of the sheet. Thus, the structure of 6a has a deeper and narrower cavity, while the structure of 7 possesses the widest opening, with the structure of 5 showing an intermediate situation. In the structure of 7, the urea carbonyl oxygen points toward the cavity. It is worth noting that, regardless of the sheet curvature, the overhanging helical segments do not collapse in the cavity and that all folded secondary motifs retain their integrity in these structures. A somewhat unexpected result came from the structure of 8, which revealed a dimerization process in which the peripheral strands of two sheets interdigitate ( Figure 4P−T) . The outcome is a basket that much resembles the structures of 5−7, even though 8 itself is only about half the size of 5. Because they all comprise a twoturn β-sheet, all structures also possess an average C 2 symmetry axis perpendicular to the axis of the helix segments. Consequently, the two helices of a given sequence possess the same handedness. However, one can predict that sheets with an odd number of turns would be flanked with helices having opposite handedness, the sheet triggering handedness inversion 19 and the overall structure being plane symmetrical. In solution, sharp and well-resolved NMR spectra suggest that 5−8 adopt well-defined conformations ( Figure 5 ). Amide and aromatic resonances are spread over a wide chemical shift range, reflecting the combined effects of hydrogen bonding involving amide protons, which cause downfield shifts of their resonances, and ring-current effects associated with aromatic stacking, which cause upfield shifts. The methyl groups of the xylyl units are under rapid exchange at room temperature, indicating fast conformational dynamics. Yet their resonances are found below 2 ppm, i.e., at lower chemical shift values than in macrocycle 2 ( Figure 3A) , as a consequence of the stacking of the helical segments. Similarly, H int protons in 5−8 are even more shielded (signals below 4.5 ppm) than in β-sheets 2−4 ( Figure 3 and Figure S5 ).
Solution studies of 8 were carried out in CDCl 3 and supported the existence in solution of the dimer observed in the solid state ( Figure 4P−T) . Upon increasing concentration, a new set of resonances appeared assigned to the formation of duplex (8) Another dynamic parameter concerns the orientation of the urea function of 7. In the solid-state structure, the urea carbonyl group was found to point toward the cavity of the molecule, whereas the NH pointed toward the solvent. Modeling studies show that changes of this orientation may result in different curvatures of the molecule (Figures S15 and S16 ). Although it was not possible to assign the NMR spectrum of 7 ( Figure 5 ) to one or another conformer, its sharpness suggests that one conformation prevails or that different conformers exchange fast despite significant structural rearrangements.
Sequences 5−8 were not designed to bind to any particular guest. Nevertheless, their quinoline−pyridine−naphthyridine helical segments have been shown before to hydrogen bond to α-hydroxy acids, and capsules containing these segments may bind to tartaric or malic acid. 6c,16,18 Titrations were thus carried out using glycolic acid as a guest. However, no clear binding was detected in the case of 5, 6a, and 7. This was attributed to the 9-methyl groups of the 1,8-diaza-anthracene units that protrude at the entrance of the site where hydroxy acids are expected to bind. Sequence 6b, which lacks these methyl groups, was thus synthesized (Chart 2). Titration with glycolic acid in CDCl 3 /D 6 -acetone (9:1 vol/vol) at 25°C resulted in chemical shift variations consistent with rapid binding and (8) 2 . In all representations except (P), the helical cones are shown in blue, the diaza-anthracene units are shown in red, and the turn units are shown in white. In (K) the intercalated strands of the duplex (8) Rapid guest exchange on the NMR time scale contrasts with the slow guest exchange observed in closed-shell helical containers of the kind shown in Figure 1D . 6b,c,16 This suggests that the guest is bound through the open side of the basket-like host and therefore that both the binding pathway and the binding kinetics may be modulated through the design of the basket structural features.
■ CONCLUSION
Aromatic amide β-sheets may adopt stable bent conformations upon introducing building blocks that impart curvature. In these structures, folding overcomes intramolecular electrostatic repulsions and forces local dipoles in each layer of the stacked strands to align in a parallel fashion. Furthermore, sequences having helical segments flanking a central bent aromatic β-sheet were shown to form well-defined helix−turn−helix architectures in which helical and sheet subcomponents conserve their respective integrity. Our results thus provide new examples of how foldamers with aryl rings in their main chain may give access to original and engineerable folded structures that would be difficult to produce from peptides, nucleotides, and related foldamer backbones. The possibility to tailor an opening of predictable size within the wall of a helically folded receptor represents a step toward controlling guest binding and release pathways and kinetics ( Figure 1D and E), a prospect of interest considering recent achievements using aromatic foldamers in the field of molecular recognition.
6,16 Helix−turn−helix motifs may also help access topologically complex objects through the winding of open-ended helices around dumbbell guests to form so-called foldaxanes. Foldaxanes have already been produced using rodlike guests and single-helical or double-helical hosts ( Figure 8A) . 22 When the host is a helix−turn−helix, foldaxane formation may proceed through original pathways and be compatible with T-shaped or X-shaped guests ( Figure 8B and C). Finally, foldamer structures composed of several and distinct secondary subcomponents represent an important and 3, 2.6, 3.9, 5.3, 7.9, 10.5, 13.1, 19.7, 26.3, 39.4, 59 .2, and 78.9 equiv of glycolic acid. (B) Experimental and calculated values using a 1:2 binding model for the NMR binding study of oligomer 6b vs glycolic acid in CDCl 3 /D 6 -acetone (9:1, vol/vol). Resonance at 9.78 ppm was used for the analysis.
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10e,f,23 The helix−sheet−helix architectures described here constitute an original development in this respect and complement objects produced from helices only. The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/jacs.7b07961.
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